The glutathione reductase from Escherichia coli strain S33 was purified to homogeneity by a simple and fast procedure consisting of two affinity chromatography steps. After 40-80% ammonium sulfate fractionation, the enzyme was adsorbed to an N 6-2'.5'-ADP-Sepharose affinity column from which it was specifically eluted by a 0 -10 m M N ADP+ linear gradient. The enzyme was finally purified to homogeneity after a second affinity chromatography step in a C8-ATPR-Sepharose column, from which it was eluted by means of the same N AD P+ gradient.
Introduction
G lutathione reductase (EC 1.6.4.2) is an u b iq u i tous flavoenzyme [1, 2] In accordance w ith the very im p o rta n t functions played by G SH in cellular m etabolism [3] , the enzyme has been purified and studied in a w ide variety o f organism s, including b acteria, anim als, plants, and specially hum ans [1] , w here g lu tath io n e reductase deficiency has been found associated w ith some kinds of hem olytic anem ias [3] . In fact, th e three-dim ensional structure o f h u m a n ery th ro cy te glutathione reductase has been elu cid ated by X -ray crystallography at 2 A resolution [4] , and its co m plete am inoacid sequence [ 5 -8 ] and cataly tic mechanism [9] have been established.
Since the first study by Asnis in 1955 [10] , the glutathione reductase from Escherichia coli has b een previously purified by tw o d ifferent groups. T hus, in 1967 W illiams et al. [11] described th e p u rific a tion of thioredoxin, th ioredoxin red u ctase, lipoam ide dehydrogenase, and g lu tath io n e red u ctase using gel filtration and ion-exchange c h ro m a to g ra phy, and reported an 80% purity for th e ir final glutathione reductase prep aratio n . T en years later, Pigiet and Conley [12] devised a new p u rifica tio n scheme for thioredoxin, th ioredoxin red u ctase, and glutathione reductase, based on affinity c h ro m a tography in N 6-2',5'-A D P-Sepharose co m p leted by several steps o f hydrophobic, ion-exchange, and gel filtration chrom atography. H ow ever since both purification procedures w ere designed for the sim ultaneous purification o f several proteins, they were rather com plicated and the yield was som e w hat affected. M oreover, no extensive ch a racteriza tion of E. coli glutathione reductase has been p re viously published.
It has been recently reported th at p ure m ouseliver glutathione reductase can be regulated by redox interconversion, oscillating betw een two states, active and inactive, according to the levels o f its reduced cofactor (N A D PH ) and oxidized su b strate (G SSG ) [13] . S im ilar regulatory b eh av io u r has been observed w ith pure yeast g lu tathione reductase, w hich is reversibly inactivated by N A D PH and other reduced com pounds in a process dependent on tim e, tem p eratu re, concentration, and pH. The yeast enzyme can be protected or rea ctiv a t ed by oxidized glutathione, ferricyanide, and m onoo r dithiols [14] .
The present pap er reports a fast and very con venient procedure for the purificatio n o f Escheri chia coli glutathione reductase based on two seq u en tial steps o f affinity chrom atography, in N 6-2',5'-A D P-Sepharose and C 8-A T P R -Sepharose, respec tively. An extensive characterization o f the E. coli enzyme, covering both the m olecular and kinetic properties, is also included. T he p u rificatio n p roce dure here reported yields enough pure enzym e as to undertake the in vitro study o f its redox in terconver sion, first step before the in situ and in vivo ch a rac terization o f the sam e phenom enon, w hich at the present tim e are being carried out.
Experimental

Reagents
Bacto tryptone, bacto yeast extract, and bacto agar used for the p rep aratio n o f liquid and solid growth m edia were supplied by D IF C O . P otassium phosphate, sodium citrate, citric acid, sodium chlo ride, E D T A glycerol, sodium azide, copper sulfate, sodium carbonate, and the F o lin-C iocalteau reagent were purchased from M ERCK, D arm stadt. N A D PH , FAD, Trizm a base, 2-m ercaptoethanol, blue dextran, beef-liver catalase, rabbit-m uscle lactate d e hydrogenase, bovine serum album in, ovoalbum in. a-chym otrypsinogen-A , bovine h eart cytochrom e-c, Sephadex G-150, C N B r-activated S ep h aro se 4B, acrylamide, N,N'-methylene-bis-acrylamide, TEM ED, riboflavine, am m onium persulfate, p ara-h y d ro xim ercuribenzoate, and C oom assie b rillia n t blue G-250 were purchased from SIG M A , L ondon. N A D H and d ithiothreitol w ere su p p lied by BOEH-RIN G ER , M annheim . N 6-2 ',5 '-A D P -S ep h aro se was purchased from PH A RM A C IA , U p p sala. C 8-A TPR -Sepharose was p rep ared as p reviously d e scribed [13] . All oth er chem icals w ere o f th e highest purity and used w ithout fu rth e r p u rificatio n .
Organism studied, growth conditions, and cell-free extract preparation
The glutathione reductase was p u rified from Escherichia coli S33, Hfr, phoA w hich was a g en er ous gift from the m icroorganism s collection o f the D epartam ento de G enetica, F acu ltad de Biologia, U niversidad de Sevilla, Sevilla (Spain). T h e b ac teria was grown for 6 hours at 37 °C in 5 1 erlenmeyer flasks containing 41 o f L uria m e d iu m [15] , after inoculating w ith 50 ml o f an o v ern ig h t cu ltu re in the sam e m edium . T he cultures w ere stirred by bubling air through them . 
Protein determination
The protein concentration was estim ated by the biuret-phenol m ethod [16] using above serum a lb u m in as standard.
Polyacrylamide gel electrophoresis
Analytical polyacrylam ide disc gel electrophoresis was perform ed by the m ethod o f D avis [17] , and the protein bands stained by the C oom assie b lu e G -250/perchloric acid procedure [18] . E lectrophoresis under denaturing conditions and gel staining w ere perform ed according to the m eth o d o f W eb er et al. [19] , using as m olecular w eight m a rk e r a m ix tu re, supplied by BDH, form ed by covalent cross-linking of a protein whose m onom er m olecu lar w eight was 14 300.
Absorption spectrum
The absorption spectrum o f p u re g lu ta th io n e reductase was recorded after rem oving the c o n ta 
Molecular weight and hydrodynam ic radius o f the native enzym e
The chrom atographic b eh a v io u r o f native E. coli glutathione reductase was studied using a S ephad ex G-150 column ( 1 .6 x 8 2 c m ) e q u ilib rate d w ith 100 m M potassium p h osphate b u ffer pH 7.5, co n taining 5 m M 2-m ercaptoethanol and 1 m M E D TA (buffer C). The m olecular w eight o f the enzym e was estim ated according to the proced u re o f A ndrew s [20] , and its hydrodynam ic rad iu s m easured by the procedure of Siegel and M onthy [21] , using catalase, ovoalbum in. a-chym otrypsinogen-A . and cy to chrom e c as standards.
Results
Purification procedure fo r Escherichia coli glutathione reductase and criteria o f p u rity
In order to sim plify the experim ental co n d itio n s, all the operations during the p u rificatio n w ere p e r form ed at 4°C . In ad dition, cen trifu g atio n s at 27000 x g were em ployed w henever necessary.
The starting m aterial for enzym e p u rifica tio n was 182 g of pelleted E. coli cells, grow n in succesive batches up to a total o f 100 liters o f L u ria b ro th , as described in M aterials and M ethods. T he cru d e extract, containing 29 g of total pro tein , was th en purified by am m onium sulfate fractio n atio n b e tween 40 and 80% saturation, m ain tain in g th e p H o f the m ixture at 7.5 by ad d itio n o f 5 M K2H P O 4 w hile the solid am m onium sulfate was being ad d ed . T he pellet obtained after the second cen trifu g atio n was dissolved in buffer A and dialyzed for 18 h o u rs against 2 x 1 7 liters o f the sam e buffer.
The retentate was centrifuged, and 1250 ml o f th e clear supernatant loaded into a N 6-2 ',5 '-A D PSepharose colum n (2.2 x 12 cm ), e q u ilib ra te d w ith buffer A containing 10% glycerol. As show n in Figure 1 , the 3 436 units o f g lu tath io n e red u ctase introduced into the colum n w ere efficiently reta in ed by the affinity gel, w hile m ost o f the co n tam in atin g proteins were eluted. A fter w ashing the colum n w ith 920 additional ml o f the sam e buffer, a 0 -1 0 m M NADP+ linear gradient prep ared in the e q u ilib ra t ing buffer (100m l + 100m l) was used to elute the enzyme. A very sh arp peak o f g lu tath io n e reductase activity could be observed, indicating th a t the elu tion had been also very specific. T he fractions w ith activity were pooled and dialyzed against a total o f 10x1 liters o f the eq u ilib ratin g buffer. W hen the dialysate was exam ined by polyacrylam ide gel elec trophoresis, one m ain p rotein band was observed, together w ith three ad d itio n a l co n tam in atin g p ro teins.
In order to further purify the p rep a ra tio n to hom ogeneity, the dialysate was su b m itted to a second affinity ch ro m ato g rap h y step in a d iffe ren t gel [13] , as sum m arized in F ig u re 2. T he 2 944 units o f glutathione reductase still rem ain in g (w ith 12.2 mg of total protein) w re lo ad ed into a C 8-A TPR -Sepharose colum n (2.2 x 7 cm ) eq u ilib ra te d with buffer A containing 10% glycerol. A gain the Table I sum m arizes the p u rifica tio n p ro ce d u re described in the present p ap e r for th e fast p u rific a tion of glutathione reductase from the b ac te ria Escherichia coli.
Molecular and kinetic constants o f E. coli glutathione reductase
The absorption spectrum o f p u re Escherichia coli glutathione reductase free o f co n tam in atin g n u cleo tides, shown in F ig u re 3, co rresponds to th a t o f a flavoprotein w ith ab so rp tio n peaks at 272, 355, and 450 nm, m inim a at 320 and 392 nm , an d a sh o u ld e r at 480 nm. The spectrum show s a so m ew h at high absorbance beyond 500 nm , p ro b ab ly d u e to th e presence o f d ithiothreitol in the buffer, w hich could have produced a partial reduction o f the enzym e [1] . Table II sum m arizes the absorbance ratios c h a r acteristic of E. coli g lutathione reductase spectrum . The table includes also som e o f the m o le cu lar and kinetic constants o f the p ure protein, as its m o le cu lar weight, n um ber o f subunits, h y d ro d y n am ic radius, optim um pH w ith differen t electron donors, and apparent K m values. N eith er cysteam ine nor cystine were effective as electron acceptors instead o f G SSG , the physiological oxid an t o f the enzym e.
W hen assayed at the optim u m pH o f 7.5, a marked inhibition was found at high N A D P H co n centrations, as show n in F igure 4 A. A significan t substrate inhibition could be also observed at high G SSG concentrations under the above d escrib ed conditions, as show n in F igure 4B. 
o in co <
The stability o f g lutathione red u ctase w as also studied under different conditions. T h e enzym e was highly stable upon storage at 4°C w hen dissolved in buffers of pH ranging betw een 7.5 and 9.5. A significant decrease o f activity was how ever n o ticed when stored at pH values below 7.5. T h e en zy m atic stability increased upon a d d itio n o f F A D (the prosthetic group), N A D P + (a p ro d u ct o f th e enzy matic reaction), d ith io th reito l or glycerol to th e storage m edium . The enzym e was th e re fo re sto red frozen at -18 °C , in the dark, dissolved in b u ffe r A containing 10% glycerol and 5 m M N A D P +. U n d er these conditions the enzym e was stab le at least for one year. Before utilization, th e enzym e was ex ten sively dialyzed against the ap p ro p ria te buffer. Figure 5 shows the effect o f te m p e ra tu re on th e activity o f E. coli g lutathione red u ctase in c u b ate d under different conditions. W hile th e enzym e in crude extracts was highly stable, loosing sig n ific an t ly activity only after 10 m in incubation at 70 °C , the stability o f the pure enzym e was m a rk ed ly low er. This effect could be attrib u ted to th e low er p ro tein concentration present in the ex p erim en t w ith p u re enzyme, as confirm ed w hen the incubation o f the pure glutathione reductase was carried out in the presence o f 1 m g/m l bovine serum album in (results not shown). However, when the pure enzym e was heated in the presence o f bovine serum a lb u m in and 20 (im N A D PH , the enzym atic activity w as alm ost com pletely lost beyond 30 °C , and signifi cantly reduced even at 0 °C, w hile n eith er the cru d e extract nor the pure enzyme w ere affected in the absence o f reduced pyridine nucleotide. The sensitivity o f pure E. coli g lu tath io n e re d u c tase to m ercurials was also studied. T he enzym e was totally inactivated after 10 m in incubation at room tem p erature w ith 10 |iM /w w -hyd ro x y m ercu rib enzoate. M uch low er concentrations o f this m ercurial were required, however, for com plete inactivation if the enzyme had previously been reduced by in c u b a tion w ith its electron donor, N A D PH .
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Discussion
The m ain objective o f the present w ork was to establish a high-yield and fast procedure for the purification to hom ogeneity o f Escherichia coli g lu tathione reductase in o rd er to su b seq u en tly ch a ra c terize its m olecular and kinetic p aram eters and study its redox interconversion m echanism . F o r th a t purpose we chose the affinity ch ro m a to g rap h y as the most specific p rocedure cu rren tly in use for protein purification.
The first affinity ch ro m ato g rap h y su p p o rt e m ployed was the com m ercially av ailab le N 6-2',5'-A D P-Sepharose [22] , w hich h ad been previously used for the purificatio n o f g lu tath io n e red u ctase from different organism s [12] [13] [14] , F ig u re 1 and Table I illustrate the excellent results o b tain ed w ith such affinity gel. T he total p u rifica tio n o f E. coli glutathione reductase was only o b ta in ed , how ever, after a second affinity ch ro m a to g rap h y step by means o f a different gel, C 8-A T P R -S ep h aro se, which had been described as specific also for th e N A D P+-dehydrogenases alth o u g h show ing a so m e w hat different affinity for such enzym es [13, 23] . In fact, the contam inating d ehydrogenases d id not show affinity for this second su p p o rt, since they were easily rem oved from th e co lu m n by extensively washing it w ith the eq u ilib ratin g b u ffe r (Fig. 2) .
The present purificatio n p ro ced u re closely resem bles th at described for m ouse-liver g lu tath io n e reductase [13] , although differs m ark ed ly from those reported for the p u rificatio n o f th e Escherichia coli enzyme [11, 12] , In o u r o pinion, th e present p ro ce dure is m uch m ore convenient for th e p u rificatio n o f the E. coli enzyme d u e to the follow ing reasons: 1) its extrem e sim plicity, w hich com pares favorably with the very com plicated and m uch m ore tim econsum ing schemes previously describ ed [11, 12] ; 2) the final product o f o u r p u rifica tio n was a p u re protein, as com pared w ith the 80% p u rity and eight protein bands o f the p u rificatio n describ ed by W illiam s et al. [11] , and the 95% p u rity o f the p u ri fication devised by Pigiet and C onley [12] ; and 3) the very high final yield, 63%, h ig h e r th an those previously reported for the E. coli enzym e [11, 12] . It seems reasonable to attrib u te p art o f this succes to the use o f 10% glycerol th ro u g h o u t th e p u rifica tio n as stabilizing agent, as well as to h aving m a in tain ed control o f the pH w hile p erfo rm in g th e am m o n iu m sulfate fractionation.
The specific activity o f the p u re Escherichia coli glutathione reductase, 361 U /m g , was in fact h ig h er than those previously rep o rted w ith the E. coli enzyme [11, 12] or w ith th at o f yeast [14, 24] , m ouse [13] , hum an erythrocytes [25] , plants [26] , sea urch in eggs [27] , or rabbits [28] . T he purity o f o u r final preparation was also confirm ed by the ab so rb an ce ratios shown by its absorption spectrum . T hus, th e value of 7.84 for the ^272/^450 show n in T able II w as lower than that described previously for o th e r a n a l ogous enzymes, such as those from rat-liver [29] , yeast [30] , sea urchin eggs [27] , or even E. coli [11, 12] . In connection w ith the ab so rp tio n spectru m (see Fig. 3 ) it should be noticed a co n sid erab le absorbance beyond 520 nm , characteristic o f h a lf reduced flavoproteins [1] . This could be directly attributed to the presence o f 1 m M d ith io th re ito l while the spectrum was recorded, in o rd er to p re vent the possible d en atu ratio n o f the enzym e.
As for most glutathione reductases previously studied [1] , the enzyme from E. coli tu rn ed o u t to be a dim er with a subunit m olecular w eight o f 55 000 and a native m olecular w eight o f 109 000 (see T ab le II). O ur results were very close to those previously reported for the E. coli enzym e, for w hich a n ativ e m olecular w eight of 111 400 [11] , and 105 000 [12] have been reported. Z anetti has described, how ever, that rabbit-liver glutathione reductase is a m o n o m er with a m olecular w eight o f 67,000 [28] , T his results should be taken cautiously since the crystallograp hic studies o f the hum an erythrocyte enzym e have shown that both subunits m ust be p resent for th e enzyme to be active because the G S S G -b in d in g site is formed by residues from the A and B m onom ers [4, 9] . The hydrodynam ic rad iu s o f th e E. coli g lu ta thione reductase, 40 A, is very sim ilar to the 41.8 A previously described for the m ouse-liver enzym e [13] , or the 43 A of the porcine erythrocytes enzym e [31] .
W ith respect to the o p tim u m pH for activity w ith both reduced pyridine nucleotides as electron donors (see Table II ), it should be noticed th a t while 7.5 is w ithin the norm al range rep o rted for N A DPH [1] , the o ptim um pH o f 4.5 for N A D H should be considered as rath e r low. In fact, th e usual differences betw een the two values o f o p ti m um pH lie w ithin 1-2 units o f pH for the a n a lo gous enzymes [13, 29] . As for the a p p a re n t K m values for N A D PH , N A D H , and G S S G (16, 377 and 66 |i M respectively), they are w ithin the norm al range of those previously rep o rted for the enzym e from other sources [1, 2] . The only prev io u s d e te r m ination o f kinetic param eters o f th e g lu ta th io n e reductase from E. coli was th at o f Asnis in 1955 [10] which reported an ap p aren t K m o f 37 |iM for N A D PH (twice that found in the presen t p a p e r), and an apparent K m o f 1400 jam for G S S G (21 tim es higher than the one described in the presen t p ap e r). Perhaps the strong in h ib itio n observed w ith b o th high N A D PH and G SSG concentrations (see Fig. 4 ) could explain such significant discrepancies.
An im portant loss o f enzym atic activity was observed when pure Escherichia coli g lu ta th io n e reductase was incubated w ith N A D P H (see Fig. 5 ). Such result clearly indicates th at th e enzym e can also be subjected to a redox interconversion m e c h a nism sim ilar to that described for the m o u se-liv er or yeast glutathione reductases [13, 14] . In fact, e x p e ri ments currently under w ay indicate th a t in vitro (with pure enzyme or crude extracts), in situ (w ith perm eabilized E. coli cells), or even in vivo th e enzyme readily interconverts betw een tw o states, active and inactive, due to covalent redox m o d ific a tion [32] , Finally, the extrem e sensitivity show n by g lu ta thione reductase from E. coli against /?ara-hydroxym ercuribenzoate after reduction by N A D P H co u ld be interpreted assum ing th at som e very reactiv e thiol groups should ap p ear in the reduced enzym e. In fact, a redox-active cystine group located at th e G SSG -binding site has been im p licated in th e catalytic m echanism o f hu m an erythrocyte g lu ta thione reductase [9] . Such redox-active d isu lfid e , which is converted to a dithiol upon red u c tio n by NADPH, could easily explain the b e h a v io u r o f th e E. coli enzyme against m ercurials u n d er red u cin g conditions. It should be also noticed th a t o ne o f these two active site thiols has been co n sid ered to participate in the redox interconversion m ech an ism of yeast glutathione reductase [14] .
